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IMPORTANCE 49
Flaviviruses are an important group of RNA viruses that cause significant human 50 disease. The mechanisms by which flavivirus nucleocapsids are disassembled 51 during virus entry remain unclear. Here we show that the yellow fever virus 52 nucleocapsid disassembly requires the cellular protein-disaggregating enzyme 53 valosin-containing protein, also known as p97. 54
INTRODUCTION 6
Here we describe a sensitive, conditionally replication-defective YFV 110 reporter virus designed to probe the early, pre-replication events of the flavivirus 111 life cycle. We validate the specificity of this reporter to monitor YFV entry and 112 pre-replication events, confirm that YFV entry requires ubiquitylation, then used 113 this tool to examine the hypothesis that YFV nucleocapsids are disassembled by 114 valosin-containing protein (VCP), also known as p97. 115 VCP/p97 is a conserved and abundant eukaryotic AAA+ ATPase that uses 116 the energy released by ATP hydrolysis to unfold ubiquitylated proteins and 117 extract them from large macromolecular complexes (14, 15) . VCP/p97 forms 118 hexameric double-ring structures with a central pore (16, 17) . Each subunit is 119 composed of an N-terminal regulatory domain and two RecA-like ATPase 120 domains that stack against each other to form the hexameric holoenzyme. 121 VCP/p97 plays an essential role in protein homeostasis and genome stability; it is 122 therefore an attractive target for anticancer therapies and several potent and 123 specific VCP/p97 inhibitors have been developed (18). We show here that 124 VCP/p97 inhibitors block the initiation of YFV infection, interfering with a post-125 fusion, pre-replication event during virus entry. 126 gene, which contains the essential 5´ RNA cyclization sequence (24, 25), 150 followed by the entire YFV polyprotein coding sequence, to generate 151 YFV17D/Nluc (Fig. 1B) . After transfection into BHK-21 cells, YFV-17D/Nluc RNA 152 transcripts replicated and gave rise to infectious virus with peak titers similar to 153 wild-type YFV-17D (≥1 × 10 7 PFU/ml at 48 h post-transfection) but had a small 154 plaque phenotype (Fig. 1C ). Similar replication impairments have been reported 155 with other flavivirus reporter constructs (22) . Nluc expression was stably 156 maintained for at least three serial virus passages in BHK-21 cells; we did not 157 specifically address the long-term stability of the Nluc insert. Based on prior 158 reports of flavivirus insert instability, we expect that Nluc expression will be lost 159 with passage and therefore limited our experiments to early passage stocks of 160 virus. Importantly, YFV-17D/Nluc was able to infect and replicate in BHK cells, 161 as observed by the robust accumulation of Nluc activity over time (Fig. 1D) . 162
Robust Nluc expression was also observed upon YFV-17D/Nluc infection of other 163 established cell lines, including Huh-7.5, HEK 293, SW-13, and primary mouse 164 fibroblasts (data not shown). Furthermore, Nluc expression levels directly 165 correlated with the amount of input virus in an endpoint dilution assay (Fig. 1E) ; 166 notably, some replicates were Nluc-negative at higher dilutions, indicating that an 167 end-point had been reached (i.e., some replicate wells received no virus, while 168 other wells received one or a few viruses). Notably, Nluc activity was 10-to 100-169 fold higher in positive wells around the endpoint, which likely received only a 170 single virus particle, than negative wells (Fig. 1E ). Based on this, we were able 171 to calculate a tissue culture-infectious dose, 50% endpoint (TCID 50 ) of 3.54 × 10 4 of this same early-harvest (18 h post-transfection), low-titer stock. We 174 consistently noted that virus stocks harvested after cytopathic effects became 175 evident contained significant Nluc activity, presumably due to enzyme release 176 into the conditioned medium by cell lysis. Thus, early virus harvests provided 177 optimal signal:noise ratio without requiring extensive washing during virus 178 inoculation (see Methods for detailed information). Taken together, these data 179
show that YFV-17D/Nluc is a sensitive reporter virus for measuring YFV-17D 180 infection and replication. 181
Next, we generated a conditionally replication-defective construct, 182 YFV∆SK/Nluc, containing a large in-frame deletion within the essential NS1 gene 183 cells, which do not express NS1, led to modest but significant levels of Nluc 188 expression ( Fig. 1F , green circles). To confirm that the Nluc activity observed in 189 BHK-21 cells that lack NS1 expression was due to the entry and translation of 190 YFV∆SK/Nluc, we performed an additional time course in the presence or 191 absence of cycloheximide (CHX), a potent inhibitor of translation. Nluc 192 expression was detectable as early as 30 min post-infection, increased >10-fold 193 higher than in CHX-treated cells by 90 min post-infection, and plateaued by 7 h 194 post-infection ( Fig. 1G ). Given the tight requirement for NS1 in flavivirus RNA 195 replication, these results demonstrate that YFV∆SK/Nluc is a sensitive reporter to 196 measure the translation of incoming viral genomes. 197
Nluc reporter viruses mimic authentic flavivirus infection and Nluc 198
activity correlates with cellular entry. To further validate the utility of 199 YFV∆SK/Nluc for monitoring early stages of virus infection, we asked whether it 200 exhibited known features of flavivirus entry and replication. First, we asked 201 whether Nluc expression was sensitive to YFV-specific neutralizing antibodies. 202
As shown in Fig Nluc expression. Similarly, serum from a human YFV-17D vaccinee neutralized 206 both reporter viruses, while pooled human serum did not ( Fig. 2B ). Together, 207 these data confirm that Nluc expression is dependent on infectivity of the YFV 208 reporter viruses. 209
Flaviviruses enter target cells via receptor-mediated endocytosis, which 210 requires clathrin and dynamin, and delivery to endosomes, where viral fusion is 211 induced by the low pH of this compartment (26). Consistent with this viral entry 212 pathway, expression of Nluc by YFV∆SK/Nluc was sensitive to Pitstop2, an 213 inhibitor of clathrin-coated pit formation (Fig. 2C ), and to Dynasore, an inhibitor of 214 dynamin ( Fig. 2D ). Furthermore, expression of Nluc by YFV∆SK/Nluc was by YFV∆SK/Nluc was sensitive to K784-9103, a small-molecule that binds to 219
DENV E protein and inhibits membrane fusion of DENV and other flaviviruses 220
(27). Furthermore, Nluc expression was reduced 3.1-fold by genetic ablation of 221 LY6E (Fig. 2H ), a host factor that facilitates internalization of flaviviruses and 222 other viruses (28, 29). These results confirm that YFV∆SK/Nluc gene expression 223 are dependent on clathrin, dynamin, LY6E-mediated trafficking, endosomal 224 acidification, and YFV E-mediated fusion, consistent with the known pathways of 225 flavivirus entry. 226
We also examined the effects of benzodiazepine acetic acid (BDAA), a 227 low micromolar inhibitor of YFV RNA replication that targets NS4B (30). In 228 contrast to the entry-specific inhibitors used above, BDAA potently inhibited Nluc 229 expression by YFV-17D/Nluc but had no effect on Nluc expression by 230 YF∆SK/Nluc ( Fig. 2I ), confirming that YF∆SK/Nluc is a sensitive reporter of pre-231 replication events in the YFV life cycle. 232
Ubiquitination and valosin-containing protein (VCP/p97) are essential 233 for early stages of YFV infection. Since DENV genome uncoating requires a 234 non-proteolytic ubiquitylation step (13), we next examined whether YFV also 235 requires ubiquitylation at an early step in its life cycle. As shown in Figure 3A , 236 expression of Nluc activity during YFV∆SK/Nluc infection was blocked by Pyr-41, 237 a potent, specific, and irreversible inhibitor of the ubiquitin-activating enzyme E1 238 (31), confirming that ubiquitylation is required for an early, pre-replication event in 239 the YFV life cycle. To clarify the stage in entry where ubiquitylation is required, 240
we bypassed the viral entry process by directly transfecting YFV∆SK/Nluc RNA 241 into BHK cells. As shown in Fig. 3B , Pyr-41 did not inhibit Nluc expression after 242 RNA transfection. These results show that ubiquitylation is required for an early 243 step in YFV entry, upstream of genome release (i.e., uncoating), consistent with 244 the finding that ubiquitylation is required for the disassembly of the DENV 245 nucleocapsid (13). 246
The above results suggested that ubiquitin can tag incoming 247 nucleocapsids for subsequent uncoating by an unidentified host factor. The 248 eukaryotic AAA+ ATPase VCP/p97 utilizes energy released from ATP hydrolysis 249 to unfold ubiquitylated client proteins and extract them from larger complexes 250 (14). We therefore tested the hypothesis that VCP/p97 promotes disassembly of 251 the YFV nucleocapsid. As VCP/p97 is an abundant cellular protein, efficient 252 knockdown takes several days to achieve a loss-of-function phenotype, which 253 can cause pleiotropic effects on cells (32). Therefore, in order to specifically 254 examine the role of VCP/p97 in YFV entry we chose two small molecules, DBeQ 255 and NMS873, which work through different mechanisms of action to potently and 256 specifically inhibit VCP/p97 in a matter of minutes, rather than days (33, 34). The processes of flavivirus internalization and fusion were originally 301 characterized by using biochemical and cell biological approaches with high 302 MOIs of radiolabeled virus particles, revealing a requirement for endocytosis and 303 endosomal acidification (43, 44). While working with infectious, radiolabeled 304 virus particles may be slightly inconvenient, the use of high MOIs is potentially 305 more problematic, as aggregates of virus particles can influence the apparent 306 mechanisms of viral entry (45). More recently, the entry of individual, 307 fluorescently-labeled flavivirus particles has been visualized at low MOI through 308 live cell imaging (26, 46-48). An important caveat to this approach is that 49), so it is difficult to know whether a given particle under observation is on a 311 pathway toward productive infection. 312
Given the above considerations, we chose to pursue a function-based 313 approach to study the productive entry of a recombinant YFV that expresses a 314 reporter enzyme only after viral entry and translation. Several flavivirus reporter 315 systems have been developed, mainly for high-throughput screening of viral 316 replication (13, 22, 50-57). In one remarkable study, Byk, et al., adapted a Renilla 317 luciferase-expressing DENV reporter virus to show that the incoming DENV 318 capsid protein must be ubiquitylated prior to viral gene expression (13). However, 319
an important consideration of this experimental design is that flavivirus-encoded 320
reporter genes are continuously expressed, making it difficult to rigorously 321 conclude that reporter activity was translated from an incoming viral genome 322 versus viral RNAs produced by replication, i.e., because both viral entry and RNA 323 replication can contribute to reporter gene expression, the translation of incoming 324 genomes could only be inferred based on the kinetics of when reporter gene 325 expression first became observable. Byk, et al. attempted to control for this 326 concern by using CHX to inhibit translation (13); however, CHX inhibits viral gene 327 expression irrespective of whether the genome was delivered by a virus particle 328 or newly synthesized by RNA replication. A further consideration is that reporter 329 enzymes differ in their specific activities; thus, enzymes with low specific activity 330 require higher MOIs to achieve similar sensitivity of early translation events. These constructs were originally designed to reduce biosafety risks for high-358 throughput screening; our data suggest that these constructs should also be 359 useful in dissecting early, pre-replication events in the life cycle of these 360 flaviviruses. Further improvements to our design are also possible; for instance, 361 smaller tags, such as a split Nluc reporter (55), could improve viral titers or allow 362 post-fusion events to be monitored prior to viral genome translation. 363
We validated that YFV∆SK/Nluc gene expression was neutralized by YFV- reported that knockdown of ubiquitin ligase CBLL1 inhibited internalization of 372 WNV particles into HeLa cells, and that WNV entry was sensitive to proteasome 373 inhibitors (72). However, these findings were called into question by Fernandez-374
Garcia, et al., who found that entry of WNV, YFV, and DENV was insensitive to 375 rigorously validated knockdown of CBLL1 or by proteasome inhibitors (73). 376
Furthermore, while JEV entry is also inhibited by proteasome inhibitors (74), 377 these compounds can decrease the cellular pools of free ubiquitin (75-77), so the 378 role of ubiquitylation vs. proteasome activity in flavivirus entry has been unclear. 379 required for DENV capsid disassembly (13). Furthermore, proteasome activity is 381 dispensable for DENV entry, but is responsible for the turnover of incoming 382 capsid protein, presumably after disassembly (13). 383
Our studies confirm that ubiquitylation is required for flavivirus entry, 384
although the relevant substrate(s) are unknown. Given that incoming DENV 385 capsid protein is turned over in a proteasome-dependent manner, and that 386 inhibition of proteasome activity leads to the accumulation of a slightly higher 387 molecular weight form of capsid protein (13), it is likely that YFV capsid is directly 388 ubiquitylated. It is not yet clear how nucleocapsids are targeted for ubiquitylation, 389
nor whether there is a preferred site on capsid protein for this modification. In 390 this regard, DENV mutants lacking lysine residues in the capsid protein were 391 able to infect and translate their genomes normally (13), suggesting that the 392 capsid protein may be ubiquitylated at the N-terminus or other non-canonical 393 Based on our finding that VCP/p97 activity is required for an early, post-412 fusion event prior to the translation and replication of incoming YFV genomes, we 413 propose a model wherein VCP/p97 functions to disassemble ubiquitylated 414 nucleocapsids (Fig. 5 ). Although we have illustrated free nucleocapsids within 415 the cytosol, we cannot exclude the possibility that fusion is tightly coupled to 416 capsid ubiquitylation and disassembly, such that nucleocapsids may be 417 disassembled as they are exposed to the cytosol. Consistent with our model, 418 VCP/p97 activity was previously shown to be important for WNV, JEV, and 419 DENV infections, although specific role(s) for VCP/p97 in virus entry were not 420 determined (55, 85). We cannot also exclude a role for ribosome engagement to 421 facilitate disassembly. 422
The nature of VCP/p97 interaction with flavivirus nucleocapsids is 423 presently unknown but may well involve cellular VCP/p97 cofactors. It is possible 424 that VCP/p97 may be directly recruited to endo-lysosomal organelles via binding 425 to early endosomal autoantigen, clathrin, or caveolin, as demonstrated by 426 previous proteomic studies (86-88). Once recruited to endosomes, VCP/p97 may 427 have direct access to ubiquitylated capsid protein during fusion or to an unknown 428 ubiquitylated host protein that associates with capsid protein. The construction and use of pYF∆SK as well as pSINrep21-NS1 was described 463 previously (19, 64). To generate pYF∆SK/Nluc, the 7221-bp NsiI-ClaI fragment 464 of pACNR/YF∆SK was subcloned into pYFV17D/Nluc cut with these same 465 enzymes. with PBS, then incubated in the presence of complete DMEM containing 2% clarified as before, and stored in 1 ml aliquots at -80°C. These early harvest 496 virus stocks had very low contaminating Nluc activity that was effectively 497 removed by washing infected cells three times with PBS. 498 Virus infectivity. Infectivity measurements were determined by using plaque 499 assays or endpoint dilution assays. Plaque assays were performed as previously 500 
